Introduction {#S0001}
============

Corneal ulcer (CU) is an inflammatory or even more severe corneal infection that involves the destruction of the corneal epithelium adjacent to the corneal stroma.[@CIT0001] CU is the main cause of monocular blindness in developing countries and the second leading cause of blindness and visual disability in Asia, Africa, and the Middle East, after cataract.[@CIT0001] The incidence of CU is higher in males than in females, and is mainly diagnosed in farmers (61.25%). Ocular trauma is the most common predisposing factor.[@CIT0002] Common symptoms include eye irritation (eg redness, eye pain, tears), photophobia, and visual impairment.[@CIT0003] The severity of these symptoms depends on the extent of corneal involvement. Slit lamp, sodium fluorescein staining, and confocal laser scanning microscope are the main detection methods in the current clinical process of CU diagnosis and treatment.[@CIT0004]--[@CIT0006] These traditional methods are exclusively focused on the anterior segment of the eye, ignoring variations in the visual center and cerebral cortex.

The emergence of resting-state functional magnetic resonance imaging (rs-fMRI) technology provides a now-popular research tool for neuroscience. Owing to its high spatial resolution, absence of radioactivity, and ability to repeat examinations without risk, rs-fMRI has attracted considerable attention in research concerning ophthalmic diseases.[@CIT0007] fMRI studies have provided extensive neuroimaging evidence suggesting that patients with ocular conditions may have nerve tissue damage or cortical dysfunction.[@CIT0008]--[@CIT0010] Functional connectivity (FC) is a measure of the temporal correlation between multiple regions of interest (ROIs), or an ROI and other voxels throughout the brain, reflecting the integration of brain function.[@CIT0011] Recent studies found abnormal spontaneous loss of function between the primary visual cortex (V1) and other cortices in strabismus,[@CIT0012],[@CIT0013] central retinal vein occlusion,[@CIT0014] glaucoma,[@CIT0015] and amblyopia.[@CIT0016] Visual information received by the retina is transmitted through the optic nerve and relayed by the lateral geniculate nucleus to the V1 of the occipital lobe in the form of optic radiation, that is, the striate region (V1). The V1 is the first station of information processing; thus, loss of function of this cortex results in decrease of input information to the advanced visual cortex. This process eventually leads to a decrease in the response of the advanced visual cortex to visual stimuli. Nevertheless, the inherent FC variation of the V1 in CU has not been revealed. Therefore, in this study, the FC method was used for the first time to explore the changes in the V1.

Patients and Methods {#S0002}
====================

Participants {#S0002-S2001}
------------

Thirty subjects with CU (16 males and 14 females) at the First Affiliated Hospital of Nanchang University (Nanchang, China) were enrolled in the study. The inclusion criteria were (1) duration of CU was ≥2 weeks; (2) absence of other ocular diseases (ie, retinal degeneration, cataract, glaucoma, amblyopia, strabismus, optic neuritis, etc.); (3) absence of parenchymal abnormalities as shown by MRI examination; and (4) visual analogue scores above moderate level.

The exclusion criteria were (1) long-term treatment of blindness; (2) presence of severe ocular complications (ie, corneal perforation, endophthalmitis, orbital cellulitis, etc.); (3) neuroplegic CU; (4) mental disorders (ie, anxiety disorder, emotional disorder, depression, sleep disorder, etc.); and (5) cases with inconsistent quality of functional data.

Twenty healthy controls (HCs) (16 males and 14 females) participated in the study and were matched by sex, age, and level of education with those included in the CU group. All HCs met the following criteria: 1) no history of ophthalmic diseases, and uncorrected or corrected visual acuity \>0.8; 2) absence of abnormal brain parenchyma found by routine MRI examination; and 3) absence of neurological or psychiatric disorders.

This study was authorized by the Medical Ethics Committee of the First Affiliated Hospital of Nanchang University and complied with the tenets of the Declaration of Helsinki. All participants volunteered in the study and provided written informed consent.

MRI Parameters {#S0002-S2002}
--------------

All participants were scanned using a 3-Tesla MR scanner (Trio; Siemens, Munich, Germany) at the Department of Radiology of the First Affiliated Hospital. All participants were requested to remain awake, close their eyes, fix their heads in the appropriate position, and lie quietly on the examination bed without performing any tasks. During the scanning process, suitable earplugs and a sponge mat were used to fix the head and isolate noise. MRI data were collected, including conventional T1-weighted imaging (T1WI) and T2WI structure, magnetic resonance (cardiac MRI) data, scanned T1WI thin-layer high-resolution volumetric image data, and rs-fMRI data (blood oxygen level-dependent-fMRI \[BOLD-fMRI\]). Whole brain BOLD data in the resting state were collected using the gradient-recalled echo-planar imaging sequence. The parameters were echo time: 30 ms; repetition time: 2000 ms; field of view: 230 mm×230 mm; flip angle: 90º; matrix: 64×64; number of layers: 30; layer thickness: 4.0 mm; spacing: 1.2 mm; a total of 240 time points; and a total of 8 min and 6 s. The three-dimensional high-resolution T1WI volumetric image data were acquired using a three-dimensional spoiled gradient echo T1WI sequence. The parameters were repetition time: 1900 ms; echo time: 2.26 ms; layer thickness: 1 mm; layer spacing: 0 mm; matrix: 256×256; field of view: 240 mm×240 mm; and number of layers: 176. For each participant, the scanning range included the whole brain.

fMRI Data Processing {#S0002-S2003}
--------------------

The first 10 volumes of each subject were discarded due to the signal reaching equilibrium. The acquired data were pre-filtered using MRIcro ([[www.MRIcro.com](http://www.MRIcro.com)]{.ul}) to obtain functional images on the MATLAB R2012b (Math Works, Natick, MA, USA) platform, based on the Statistical Parametric Mapping 8 software package (The FIL Methods Group, Welcome Trust Centre for Human Neuroimaging, Institute of Neurology, UCL), using the Data Processing Assistant for Resting-State fMRI V2.3 software package BOLD original. Data from subjects whose head motion was \>2 mm or for whom rotation exceeded 2°during scanning were excluded. The data were preprocessed using the probability map in a statistical parametric mapping anatomy toolbox. The V1 was extracted into the ROI, and resampled by 3 mm×3 mm×3 mm. Smoothing was performed with a 6 mm full-width-half-maximum Gaussian kernel. Data with linear trend were removed, and temporal band-pass was filtered (0.01--0.1 Hz). The FC was determined in the selected ROI and all voxels in the whole brain. The functional connection diagram reflects the functional connection between the V1 and the whole brain.

FC Analysis {#S0002-S2004}
-----------

ROIs were selected based on a previous study[@CIT0015] and analyzed using seed-based FC. The V1 center was selected as the seed point, and the Montreal Neurological Institute coordinates of the bilateral V1 were left (−8, −76, 10) and right (+7, −76, 10). The diameter of the spherome ROI was 10 mm (close to 27 cubic voxels), and Pearson's correlation coefficients were calculated between the mean time course of the ROI and the time courses of all other brain voxels. Fisher's z transformation analysis was applied to the Pearson's correlation coefficients to obtain an approximately normal distribution for the subsequent statistical analysis.

Statistical Analysis {#S0002-S2005}
--------------------

The SPSS Version 20.0 software (IBM Corp., Armonk, NY, USA) was used to analyze the clinical parameters of patients with CU (eg, age and weight, sex and handedness) in two groups through independent sample *t*-tests and chi-squared tests. For demographic and clinical measurements, the difference in FC between the CU and HC groups was compared using a two-sample *t*-test. For multiple comparisons using Gauss random field theory correction, *p*\<0.01 denoted statistical significance. A receiver operating characteristic (ROC) curve was constructed for each statistically significant cerebral gyrus to estimate the mean FC value of different brain regions in patients with CU and HCs. The relationship between the average FC value of different brain areas and the behavioral outcome of patients with CU was examined through Pearson's correlation coefficient analysis. A *p*\<0.05 denoted statistical significance.

Results {#S0003}
=======

Demographics and Behavioral Results {#S0003-S2001}
-----------------------------------

As shown in [Table 1](#T0001){ref-type="table"}, there were no obvious differences between the two groups in body weight (*p*=0.828) and age (*p*=0.917).Table 1Conditions of Participants Included in the StudyConditionsCUsHCstP-value\*Male/female16/1416/14N/A\>0.99Age (years)52.21±6.1151.95±6.120.1760.917Weight (kg)64.53±7.1365.21±8.040.2290.828Handedness30R30RN/A\>0.99Duration of CU (days)29.43±12.54N/AN/AN/ABest-corrected VA-left eye0.54±0.241.10±0.25−3.5730.005Best-corrected VA-right eye0.45±0.271.05±0.25−3.9640.002[^2][^3]

FC Differences {#S0003-S2002}
--------------

The CU group showed increased FC between the left V1, left middle frontal gyrus, and right middle frontal gyrus compared with the HC group. However, they exhibited decreased FC in the left V1 and right cuneus ([Figure 1](#F0001){ref-type="fig"}, [Table 2](#T0002){ref-type="table"}). In addition, patients with CU showed higher FC in the right V1, right cingulate gyrus, and left superior frontal gyrus. In contrast, they demonstrated lower FC with the right V1 and right cuneus ([Figure 2](#F0002){ref-type="fig"}, [Table 2](#T0002){ref-type="table"}). However, there was no correlation found between the FC values of distinct cerebrum areas and their clinical manifestations in the CU group (*p*\>0.05).Table 2Brain Regions with Significant Differences in FC Between CU Patients and HCsConditionsL/RBrain RegionsBAMNI CoordinatesPeak Voxelst-valueXYZ**ROI in left V1** 1 left middle frontal gyrus (UC\>HC)10−45345503.4181 2 right middle frontal gyrus (UC\>HC)106−354403.3129 3 right cuneus (UC\<HC)186−931274−4.0602**ROI in right V1** 4 right cingulate gyrus (UC\>HC)3291236553.5412 5 left superior frontal gyrus (UC\>HC)6−9078764.2424 6 right cuneus (UC\<HC)189−901561−3.894[^4][^5] Figure 1Differences in FC of the left V1 between patients with CU and HCs.**Notes:** (**A** and **B**) Notable differences in FC of the left V1 were observed. Red and blue regions represent higher and lower FC values, respectively. The significance level was set at voxel level *p*\<0.01, Gaussian random field theory corrected. (**C**) The mean FC values of the left V1 between the CU and HC groups.**Abbreviations:** FC, functional connectivity; V1, primary visual cortex; CU, corneal ulcer; HC, healthy control.Figure 2Differences in FC of the right V1 between patients with CU and HCs.**Notes:** (**A** and **B**) Significant differences in FC of the right V1 were observed. The red and blue regions indicate higher and lower FC values, respectively. The significance level was set at voxel level *p*\<0.01, Gaussian random field theory corrected. (**C**) The mean FC values of the right V1 between the CU and HC groups.**Abbreviations:** FC, functional connectivity; V1, primary visual cortex; CU, corneal ulcer; HC, healthy control.

ROC Curve {#S0003-S2003}
---------

We hypothesized that FC values may be valuable biomarkers to differentiate patients with CU from HCs. Therefore, we used the ROC curve to obtain and analyze the FC values of various brain areas. The area under the ROC curve (AUC) indicated the diagnostic rate. In this study, the AUC of FC values were as follows: left middle frontal gyrus (0.825, *p*\<0.001); right middle frontal gyrus (0.803, *p*\<0.001); right cuneus (0.823, *p*\<0.001) ([Figure 3](#F0003){ref-type="fig"} FC1, left V1); right cingulate gyrus (0.825, *p*\<0.001); left superior frontal gyrus (0.828, *p*\<0.001); and right cuneus (0.809, *p*\<0.001) ([Figure 3](#F0003){ref-type="fig"} FC2, right V1).Figure 3ROC curve analysis of the FC values in each paired subregion.**Notes:** In FC1 -- (**A**) The AUCs of LMFG and RMFG were 0.825 (*p*\<0.001; 95% CI: 0.684--0.967) and 0.803 (*p*\<0.001; 95% CI: 0.661--0.946), respectively. (**B**) The AUC of RC was 0.823 (*p*\<0.001; 95% CI: 0.689--0.957). In FC2 -- (**A**) The AUCs of RCG and LSFG were 0.825 (*p*\<0.001; 95% CI: 0.689--0.962) and 0.828 (*p*\<0.001; 95% CI: 0.691--0.965), respectively. (**B**) The AUC of RC was 0.809 (*p*\<0.001; 95% CI: 0.669--0.948).**Abbreviations:** FC, functional connectivity; ROC, receiver operating characteristic; AUC, area under the ROC curve; LMFG, left middle frontal gyrus; RMFG, right middle frontal gyrus; RC, right cuneus; RCG, right cingulate gyrus; LSFG, left superior frontal gyrus.

Discussion {#S0004}
==========

In this study, we hypothesized that in patients with CU, corneal pain may be caused by corneal ulceration, and prolonged pain may further lead to anxiety and depression, which further result in alterations in the cerebrum activity ([Figure 4](#F0004){ref-type="fig"}).Figure 4Relationship between MRI images and CU.**Notes:** The lesions in corneal ulcer lead to corneal pain, which leads to anxiety and depression, further leading to changes in the brain.**Abbreviations:** MRI, magnetic resonance imaging; CU, corneal ulcer.

Seed-based FC is a reliable fMRI method to reveal the alterations of cerebral functional connectivity, exploring regional activity in the brain. Previous studies have been applied in some ocular diseases ([Table 3](#T0003){ref-type="table"}) and revealed abnormal intrinsic FC between the V1 and the other regions.[@CIT0012],[@CIT0013],[@CIT0015]-[@CIT0017]Table 3FC Method Applied in Ocular DiseasesAuthorYearDiseaseBrain RegionsODs\>HCsODs\<HCsZhu P, et al[@CIT0012]2018Comitant exotropiaN/ALLG/CPL; RMOG; LPreG/PostG; RIPL/PostGYan X, et al[@CIT0013]2019Adult comitant strabismusBLG/BC, BFRLG/RMOG, LMTG/RMOG; RSFG/PreG/MFGLi S, et a**l**[@CIT0015]2017Primary angle-closure glaucomaLTP; LFOIBG; RIBG; RIPLRight cuneus; calcarine; RLGDing K, et al[@CIT0016]2013Anisometropic amblyopiaLPostG; LPCL/MFGBC; BIPL/AL; LMFL/PreGWen Z, et al[@CIT0017]2018Late blindnessRSC, LHBC/BLG, PreG, PostG,[^6]

FC determines whether there is a connection between areas of the brain and the strength of this connection. This approach is a new pattern of rs-fMRI for revealing changes in brain function connections. The present study demonstrated that spontaneous activity in different brain regions changed in patients with CU versus HCs. The FC values in the left V1, left middle frontal gyrus, and right middle frontal gyrus of the CU group were significantly increased. In contrast, the FC values in the left V1 and right cuneus were lower, and the visual function was impaired ([Figure 5](#F0005){ref-type="fig"}). Moreover, the CU group showed notably higher FC values between the right V1 and right cingulate gyrus, left superior frontal gyrus. However, they exhibited decreased FC values between the right V1 and right cuneus, accompanied by impaired visual function ([Figure 6](#F0006){ref-type="fig"}). Notably, there was no relationship between the mean FC values of diverse cerebrum regions and clinical manifestations in patients with CU.Figure 5FC results of the left V1 in the CU group. FC of the left V1 of patients with CU in the 1-right cuneus (t=−4.0602) was decreased compared with that observed in HCs. In contrast, FC values in the 2-left middle frontal gyrus (t=3.4181) and 3-right middle frontal gyrus (t=3.3129) were increased to various extents.**Note:** The sizes of the spots denote the degree of quantitative changes.**Abbreviations:** FC, functional connectivity; V1, primary visual cortex; CU, corneal ulcer; HC, healthy control.Figure 6FC results of the right V1 in the CU group. FC of the right V1 of patients with CU in the 1-right cuneus (t=−3.8940) was decreased compared with that reported in HCs. In contrast, FC values in the 2-right cingulate gyrus (t=3.5412) and 3-left superior frontal gyrus (t=4.2424) were increased to various extents.**Note:** The sizes of the spots denote the degree of quantitative changes.**Abbreviations:** FC, functional connectivity; V1, primary visual cortex; CU, corneal ulcer; HC, healthy control.

The AUC indicated the diagnostic rate. In this study, the following brain regions are more sensitive the AUC of FC values were as follows: left middle frontal gyrus, right middle frontal gyrus, right cuneus, right cingulate gyrus, left superior frontal gyrus, and right cuneus.

Analysis of Increased FC Values in the CU Group {#S0004-S2001}
-----------------------------------------------

The frontal lobe lies above the lateral sulcus and in front of the central sulcus, accounting for approximately one-third of the surface of the hemicerebrum. The middle frontal gyrus is located between the inferior and superior frontal sulci, in front of the precentral gyrus. The frontal eye field (FEF) is located around the intersection of the middle frontal gyrus with the precentral gyrus. Consolidated evidence from functional neuroimaging studies suggests that the middle frontal gyrus is responsible for scanning eye movements to achieve visual perception and consciousness, as well as autonomous eye movement.[@CIT0018]--[@CIT0020] The FEF communicates indirectly with extraocular muscles through the structure of the paramedian pontine network.

A previous study showed that the FC value was increased between the V1 and middle frontal gyrus in patients with primary open-angle glaucoma.[@CIT0021]

Another study showed that patients with CU had markedly increased regional homogeneity (ReHo) values in the left middle frontal gyrus.[@CIT0022] In addition, activation of FEF was reported in magnetic resonance studies of retinal detachment,[@CIT0023] age-related macular degeneration,[@CIT0024],[@CIT0025] progressive retinitis pigmentosa,[@CIT0026] and macular hole[@CIT0027] retinal-related diseases. Consistent with previous studies, the increased FC values between the bilateral V1 and left and right middle frontal gyri shown in this study reflected the activation of visual processing, suggesting the plasticity that compensates for CU-related visual input deficits.

The superior frontal gyrus is part of the frontal lobe, and the lateral part is bounded by the superior frontal sulcus.[@CIT0028] The fMRI evaluation revealed that it is involved in the process of self-awareness and cognition.[@CIT0029] A higher ReHo value, similar to that recorded in the left superior frontal (BA11), was found in patients with acute eye pain.[@CIT0030] A significant increase in cerebral blood flow in the superior frontal gyrus was also detected in patients with strabismus.[@CIT0031] However, studies have shown that patients with optic neuritis and central retinal vein occlusion have reduced brain activity in the superior frontal gyrus.[@CIT0032] In the present study, patients with CU exhibited significantly higher FC values on the right V1 and left frontal gyrus. This finding demonstrated that the patients had functional impairment in this brain region. Therefore, we further conclude that this functional alteration may be related to visual impairment in patients with CU, but the specific mechanism remains to be further studied.

The cingulate gyrus is a vital component of the limbic system. It can be divided into the anterior cingulate and posterior cingulate cortices, which are two completely distinct functional areas. The anterior cingulate gyrus is involved in numerous complex bodily processes, including the emotional, sensory and attention, and operational memory systems. The posterior cingulate gyrus and parahippocampal are closely related to memory formation, monitoring sensory, and stereotaxic functions. In a study of patients with strabismus, the degree centrality values of the bilateral anterior cingulate were significantly increased.[@CIT0033] However, in another study, patients with diabetic retinopathy had markedly lower ReHo values in the right anterior cingulate gyrus, right cuneus, bilateral anterior, and left middle frontal gyrus.[@CIT0034] In this study, patients with CU showed increased FC values in the right cingulate gyrus. However, the mechanism involved in this process remains to be explored.

Analysis of Lower FC Values in the CU Group {#S0004-S2002}
-------------------------------------------

The cuneus is a wedge-shaped area located between the corpus callosum and the medial occipital fissure. It is the smallest lobe in the occipital lobe of the brain. The cuneus (Brodmann area 17) receives visual information from the contralateral superior retina representing the lower field of vision and is involved in basic visual processing. It has been reported that the cuneus is activated almost simultaneously with the V1 in response to a visual stimulus, and may act to modulate signals travelling from the V1 to the extrastriate cortices.[@CIT0035] Liao XL el et have reported that the right cuneus ReHo value of patients with diabetic retinopathy was significantly reduced.[@CIT0034] Studies showed that the wedge FC of female patients with glaucoma was reduced compared with that observed in healthy subjects.[@CIT0036] Moreover, the application of amplitude of low-frequency fluctuations for rs-fMRI revealed that the value of the bilateral cuneus in patients with primary open-angle glaucoma was decreased, and the spontaneous activity of the left cuneus was negatively correlated with the severity of the disease.[@CIT0037] Huang et al[@CIT0023] detected a significant decline in brain neural homogeneity in the cuneus of individuals with retinal detachment; of note, a similar decreasing trend in the cuneus was reported in acute open globe injury.[@CIT0038] Furthermore, patients with monocular blindness exhibited lower values of voxel-mirrored homotopic connectivity in the cuneus. Recent studies have shown that a decrease in FC between the bilateral V1 and right cuneus can indicate functional deficits in patients with CU, providing new evidence that CU may cause cuneus dysfunction.

However, this study also has limitations. Such as, the mechanism research is not presented in this study. So, we are looking forward to a series of molecular experiments to clarify the further mechanisms of CU.

Conclusion {#S0005}
==========

The results of this study revealed that patients with CU had abnormal spontaneous activity in different brain areas. These findings may provide an in-depth understanding of neurological variations in patients with CU and reveal the potential mechanism of CU. The FC signal can be used as an effective biomarker for the detection of CU.
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